Abstract. We measure a significant correlation between the thermal Sunyaev-Zel'dovich effect in the Planck and WMAP maps and an X-ray cluster map based on ROSAT. We use the 100, 143 and 343 GHz Planck maps and the WMAP 94 GHz map to obtain this cluster cross spectrum. We check our measurements for contamination from dusty galaxies using the cross correlations with the 220, 545 and 843 GHz maps from Planck. Our measurement yields a direct characterization of the cluster power spectrum over a wide range of angular scales that is consistent with large cosmological simulations. The amplitude of this signal depends on cosmological parameters that determine the growth of structure (σ 8 and Ω M ) and scales as σ 7. 4 8 and Ω 1.9 M around the multipole ( ) ∼ 1000. We constrain σ 8 and Ω M from the cross-power spectrum to be σ 8 (Ω M /0.30) 0.26 = 0.8 ± 0.02. Since this cross spectrum produces a tight constraint in the σ 8 and Ω M plane the errors on a σ 8 constraint will be mostly limited by the uncertainties from external constraints. Future cluster catalogs, like those from eRosita and LSST, and pointed multi-wavelength observations of clusters will improve the constraining power of this cross spectrum measurement. In principle this analysis can be extended beyond σ 8 and Ω M to constrain dark energy or the sum of the neutrino masses.
Introduction
Galaxy clusters are the rarest collapsed objects in the Universe and sign posts for structure formation. Their abundances are extremely sensitive to the underlying cosmological parameters, such as the amplitude of the matter power spectrum. Current cluster surveys [e.g., 62, 80, 92] or those just beginning [e.g., 71, 88] aim to take advantage of this sensitivity and produce precise cosmological constraints from their growth of structure measurements. However, there is a persistent and unresolved issue when using clusters for precision cosmological measurements which is the large uncertainties associated with connecting observable cluster quantities with its mass (i.e., the observable-mass relation) [e.g., 12, 30, 76] . This issue was recently highlighted when Planck cluster cosmology constraints were shown to be in tension with their primary Cosmic Microwave Background (CMB) constraints [62] .
Clusters are either observed through the galaxies they contain or the intracluster medium (ICM), which is a hot ( 10 7 K) plasma. Both the galaxies and the ICM have properties that correlate with cluster mass. For galaxies these properties are number of galaxies within a cluster or the richness [e.g., 1, 27, 42, 77] that correlates with its mass. For the ICM it is the thermodynamic properties of the ICM, such as temperature or X-ray luminosity measured by bremsstrahlung emission that correlates with cluster mass. The X-ray luminosity is proportional to the density squared, which makes it sensitive to the complex inner regions of clusters and difficult to model correctly. Therefore, X-ray observables from cluster to cluster vary greatly depending on the state of the core region. Furthermore, flux limited X-ray samples preferential select relaxed cool-core clusters.
An alternative and complementary probe of the ICM is the thermal Sunyaev-Zeldovich (tSZ) effect [87] : as the CMB photons inverse-Compton scatter off of the hot electrons in the ICM, their blackbody spectrum is distorted. The tSZ effect is proportional to electron pressure along the line of sight and traces the total thermal energy in clusters. Pressure is a more stable thermodynamic quantity for clusters than the density. There are significant contributions to the tSZ flux that come from beyond the virial radius and it is less sensitive to the state of cluster core and selects clusters independent of their dynamical state (and redshift). Thus, modeling the tSZ is easier than the X-ray signal.
Previously, statistical measurements of the SZ effect were made by stacking the Wilkinson Microwave Anisotropy Probe (WMAP) temperature maps on locations of clusters. These measurements stacked on X-ray cluster catalogs [e.g., 2, 3, 5, 6, 17, 45, 48, 51] , optical cluster catalogs, [e.g., 13 ], or both [e.g., 32 ]. In addition, other statistical detections were made cross correlating with X-ray cluster catalogs [11, 35] and galaxy surveys [26, 31, 54] . All of these measurements constrained average ICM quantities for the given sample selections, such as the average cluster profile. More recently, the Planck collaboration has performed several stacking analyses with the Planck data [64] [65] [66] [67] [68] [69] and used these relationships in their cosmological analysis with clusters [62] . Beyond WMAP and Planck, measurements made by higher resolution CMB experiments such as the Atacama Cosmology Telescope (ACT) and the South Pole Telescope (SPT) as well as optimized experiments for SZ cluster detection such as Bolocam, the Arcminute Microkelvin Imager (AMI), MUSTANG and the Sunyaev Zel'dovich Array (SZA) have provided large amounts of quality SZ measurements of individual clusters [e.g., 12, 49, 49, 50, 68, 84, 98] , in addition to making average ICM measurements [e.g., 15, 58, 78] . Combining these large samples with mass proxies allows one to construct SZ-mass scaling relations that can be used for cluster cosmology.
The cluster observable-mass relation is commonly quantified through averaging over larger cluster samples as mentioned above. The result is a power power-law relation fit through the observable-mass plane, where the cluster masses are determined through weak lensing measurements or other previously calibrated mass proxies. In such analyses it is difficult to propagate the errors and account for biases and correlations between the observables, proxies and selection functions. Thus, assigning realistic error bars and uncertainties to cosmological measurements that rely on cluster masses is non-trivial.
Measuring the spatial distribution of clusters, for example the angular correlation or power spectrum, is almost independent of this error-prone observable to mass conversion [see e.g., 44 ]. The uncertainties in this approach come from modeling the signal for a given cluster and the selection function of the clusters. There is a large literature on the tSZ power spectrum and its prospects for cluster cosmology [e.g., 10, 44, 81, 90] . In practice constraints from the tSZ power spectrum are limited by the modeling uncertainties mentioned above and the ability to separate its signal from the contributions of other secondary sources, like infrared point sources [e.g., 19, 75, 82, 83] .
In this paper we explore the cross correlation between a flux limited X-ray selected sample of clusters and all-sky CMB maps from WMAP (94 GHz) and Planck (100, 143, 217, 353, 545 and 875 GHZ). This cross correlation is based on measuring the cross-power spectra and alleviates the effect of the correlated noisy modes that contaminate real-space cross-correlations. A somewhat similar analysis was attempted on WMAP 1-year data by [18] where no detectable signal was found. Here we take advantage of a cleaner X-ray data by using the overdensity map instead of the raw and contaminated X-ray map. This approach can be trivially generalized to any well characterized cluster catalog. Also using Planck data improves the analysis because of the higher sensitivity and resolution of Planck compared to WMAP. We demonstrate that even WMAP 9-year data show a significant cross-spectrum with the X-ray cluster overdensity map as expected.
This paper is organized as follows: Section 2 describes the data and catalogs. Section 3 presents the methodology. We describe the analytical and numerical predictions in Section 4. The results are shown in Section 5. We discuss these results and conclude in Section 6. Throughout this paper we use a ΛCDM cosmology consistent with the WMAP9 parameters [34] , except where we explicitly state otherwise.
Data

Planck Data
We use six Planck maps from Planck's first data release [59, Planck Collaboration I] at 100, 143, 217, 353, 545 and 875 GHZ in this analysis. The first two and the fourth maps are used to measure the signal while the remaining maps are used as null tests. The maps are at HEALPix 1 resolution 11 (N side = 2048). And they are largely signal dominated in the range of multipoles we use in our analysis. The effective beam sizes for these maps are 9.651, 7.248, 4.990 arcmin but the Planck beams are asymmetric. This asymmetry couples the scan strategy of Planck into the beam window functions and makes the beam deviate from a Gaussian specially at small scales [60, Planck Collaboration VII] . We use the Reduced Instrument Model (RIMO) public beams of Planck as effective beams for each map. These maps are not processed for foreground contamination and we use them in their raw format.
We use the published Planck + WMAP low-polarization + high-chains [61] for ΛCDM from the Planck Legacy Archive webpage 2 when we derive the σ 8 − Ω M contours.
WMAP Data
We use co-added inverse-noise weighted data from 36 single-year maps observed by WMAP at 94 GHz (W-band, 4 channels and 9 years). The maps are foreground cleaned (using the foreground template model discussed in [36] ) and are at HEALPix resolution 10 (N side = 1024). The WMAP data are signal dominated on large scales [46] and the detector noise dominates at smaller scales. The noise in WMAP data is a non-uniform (anisotropic) white noise that varies from pixel to pixel in the map. Pixel noise in each map is determined by N obs with the expression
where σ 0 is the noise for each differencing assembly and can be found on the WMAP data products webpage on LAMBDA 3 . N obs is the number of observations at each map pixel: regions with larger number of observations have lower noise variances and are given larger statistical weight. N obs is included in the maps available from the LAMBDA website.
In all of our analysis we use pixel masks to exclude foreground-contaminated regions of the sky from the analysis. We use a galactic mask provided by Planck that masks 20% of the sky around the galactic plane. We do not mask the point sources.
We use the published WMAP9 + SPT + ACT chains [34] for ΛCDM on LAMBDA when we derive the σ 8 − Ω M contours. 
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Planck RBC Figure 1 . Top: Planck 100 GHz map and the cluster positions used in this analysis. The region in the center of the map is masked by the galaxy mask. Bottom: redshift distribution of the X-ray cluster sample used in this analysis. The redshift distribution of the resolved Planck clusters from Planck's first year data release is also shown (although not used in this paper) for the sake of comparison.
Cluster Catalog
The catalog used in this analysis is a sub-sample of the MCXC X-ray cluster catalog [57] , which combines the REFLEX [14] , BCS [20, 21] and CIZA [22, 41] flux limited catalogs (hereafter the we will refer to this catalog as the RBC catalog) using the RoSAT all sky survey [RASS; 96] . The RBC catalog has a flux limit of ∼ 3 × 10 −12 /erg s −1 , cm −2 and we assume that it is complete above this flux. We cut the catalog at z = 0.04 to reduce the cosmic variance from low redshift rare objects and alleviate the complications associated with projecting simulations below this redshift. The clusters masses were taken from the MCXC catalog, which uses a L x − M scaling relation from the REXCESS cluster sample [70] with an updated mass proxy calibration [4] . The scaling relation is
and log(C) = 0.274. The scatter in the X-ray luminositymass relationship is ±38 % [70] , which implies a ±24% scatter in the mass-X-ray luminosity relationship. The scatter is this larger, since we are using the X-ray luminosity without excising the core region. In our analysis, we incorporate the effect of the resulting Eddington bias on the sample through a Monte Carlo method that draws from the masses in our simulations (details in Sec. 4.2).
We account for an additional bias of the L x − M relation since the cluster masses that enter this relation have been derived by assuming hydrostatic equilibrium. Simulations have shown that mass proxies that assume hydrostatic equilibrium are biased low between 10% and 30% [e.g., 8, 47, 73, 74] because of non-thermal contributions to the pressure support. When constructing our RBC catalog we applied an upward correction of 20% to the MCXC catalog masses. We explore the uncertainty associated with this 20% hydrostatic mass through varying our correction by ±10% (see Sec 4.3) .
We show the spatial and redshift distributions of our cluster sample in Figure 1 . Also plotted for comparison is the redshift distribution of the resolved Planck clusters. The histograms are done using the Bayesian Blocks framework of [79] which chooses the bin sizes adaptively using the data 4 .
In Figure 2 we show our RBC catalog as a function of mass and redshift. The selection function, Θ(m, z), is shown by the solid line, which we fit to a smoothed function for theoretical calculations. We illustrate the effect of ±24 % scatter in the L x − M relation by scaling the Θ(m, z) up and down by this percentage.
Method
There are various components in the microwave sky, each with its own frequency dependence:
where T SZ , T CM B and T CIB represent the signal for the SZ clusters, the CMB and the cosmic infrared background (CIB). T f g represents all foregrounds including galactic dust, free-free and synchrotron, T P S shows radio galaxies and N is the pixel noise which dominates at small scales. Using the X-ray cluster catalog we generate two maps: a number-count map and a normalized overdensity map. We make the number-count map (n(θ)) first by placing ones in the central pixel the locations of clusters and smooth with the Planck beam (see below for more details). The normalized overdensity map is derived by dividing the number-count map by its mean value (n) and subtracting one:
This, in general, can be shown to obey
where f (θ−θ i ) is the shape we attribute to the clusters in our overdensity map. In the absence of any smoothing (no beam, infinitely small pixels in the map), f (θ −θ i ) is a Kronecker delta function. In our analysis we perform a beam smoothing in map space using Planck's beam convolution tool, EffConv 5 [53] , to smooth the map with the 143 GHz beam of Planck. We have tested other choices, e.g., no beam smoothing and a top-hat pixel window function smoothing alone, and the final result is robust against the choice of the function f . There are various ways of choosing the weights a i . In this analysis we choose uniform constant weights a i = a. We measure the cross-power spectra of the maps in eqn. 3.1 and both eqn. 3.3 and n(θ). The difference between the cross-spectra will be an overall normalization factor proportional ton. As we will see later on, the different maps (δ n and n) are particularly sensitive to both cluster physics and the cosmological parameters governing the growth of structure such as σ 8 and Ω M .
Hereafter, we will mostly refer to the overdensity map but the same statements apply to the number-count map. Several different terms contribute to the cross-spectrum. The overdensity map made from the number-count map of the X-ray selected clusters is not correlated with the foregrounds or the CMB or noise in the Planck and WMAP sky maps. While, there is a small correlation between the overdensity map and the lensed CMB map, it is small enough to be ignored in this analysis. Although both clusters and the CIB trace the underlying mass distribution [e.g., 33, 91] , the cluster catalog used in our analysis is a low-redshift catalog whereas the CIB predominantly comes from high-redshift dusty star forming galaxies [e.g., 94]. Therefore, we do not expect a significant cross-correlation between the overdensity map and the CIB at the frequencies studied in this analysis. We explicitly check this by cross-correlating the 217 GHz map, the map with the strongest CIB signal, with the overdensity map. Since this term is small, the SZ map-overdensity term dominates the cross-correlation:
The same applies for cross-correlation between number-count map and the CMB map:
To compute the cross-power spectra, we use PolSpice 6 which deals with the mask effects in the map-space where the mode-mode correlation matrix is diagonal [16] . Although these cross spectra are very similar their measurements constrain different cluster quantities. The C ∆T ×δn spectrum measures the average SZ signal from the cluster sample, which constrains the average ICM properties of these cluster. The C ∆T ×n spectra measure the total SZ signal from the cluster sample. This signal is not only dependent on the ICM properties but is very sensitive the number counts of clusters for a given cosmology. Thus, the C ∆T ×n spectrum is a growth of structure measurement and can be used to constrain cosmology.
Theoretical Power Spectrum Calculations
The theoretical predictions for the cross-correlation signal C SZ×δn and C SZ×n were made using both an analytic halo model and cosmological simulations. We used the simulation approach to calculate the overall amplitude and shape of both C SZ×δn and C SZ×n . In the simulation predictions we included the scatter associated with the selection function using Monte Carlo method [52] . The analytical halo model was used to determine the cosmology dependence of C SZ×n . We used a similar halo model to ref. [18] with an updated cluster pressure profile [9] and included the selection function and the measured scatter for the RBC X-ray cluster catalog.
Halo Model
We constructed a halo calculation for the expected signal from this cross correlation C SZ×n following ref. [44] and [18] . There are two components that contribute to C SZ×n , which can be expressed as a sum
where C SZ×n ,1h
and C
SZ×n ,2h
are the 1-halo and 2-halo contributions, respectively. Similar to the tSZ auto-power spectrum [43] , the 1-halo term dominates C SZ×n on the angular scales that we are modeling [ > 100 ; 18] . For this analytic calculation we ignore the contribution from the 2-halo term. For C SZ×δn we need to consider the amplitude and shape of tSZ signal. The X-ray clusters are modeled as delta functions convolved with the beam, thus, they do not require shape or amplitude modeling. The strength of the tSZ signal is proportional to the integrated electron pressure along the line of sight (l),
where σ T is the Thompson cross section, m e is the electron mass, c is the speed of light, k is Boltzmann's constant, n e is the free electron density and T e is the electron temperature. The tSZ signal is ∆T /T CMB = f ν y, where f ν is the spectral function for the tSZ signal [87] . The complete halo calculation for cross-power spectrum is given by
where dn(M, z)/dM is the mass function,ỹ (M, z) is the Fourier transform of the projected electron pressure profile (Eq. 4.2) and Θ(M, z) is the selection function of the RBC catalog, which is described in Section 2.3. We do not include higher order relativistic corrections to f ν [55] . The mass function is determined from N-body simulations [e.g., 38, 89, 97] . In this work we use the mass function from ref. [89] for the analytic calculations and convert the definition of virial mass used in the RBC to the definition in ref. [89] which is defined with respect to the mean matter density. Because the tSZ power spectrum is dominated by 10 13 -10 15 solar mass scale, it is only mildly sensitive to the particulars of the mass function [44] . Using this analytic model, we calculate how the cross spectrum depends on two key concordance ΛCDM cosmological parameters, σ 8 and Ω M . These two parameters affect the number of clusters and their redshift dependence, a connection that has been explored for over two decades [see e.g., 24]. We choose the WMAP9 cosmological parameters as the baseline parameters and determine the scaling relationship. The baseline cross spectrum is C SZ×n (σ 8 = 0.8) and we compute new spectra by varying σ 8 , C SZ×n (σ 8 ), while holding the other parameters fixed. At a given angular scale we compare the relative amplitudes (A × ( )) of the spectra,
which we assume scales as a power-law function of σ 8 , where α is the power-law index for a given angular scale. The value of the power-law index is,
In Figure 3 we show α for a range of σ 8 values from 0.7 to 0.9 at the angular scales = 500, 800, 1250 and 2000. There is little dependence and α ∼ 7.8 to 6.9 spans the current measurements of σ 8 = 0.82 ± 0.03 [e.g., 61] from CMB measurements. We set α = 7.4 for the rest of this work. The cross spectrum can be thought of as a resolved tSZ auto spectrum, which helps in understanding why A × is highly dependent on σ 8 . It is well established that the tSZ auto spectrum is a strong function of σ 8 [e.g., 44, 81, 90] and the cross spectrum is similar to tSZ auto spectrum except for two key differences: First, the cross spectrum is weighted 7 byỹ (M, z) ∝ M 5/3 instead of |ỹ (M, z)| 2 ∝ M 10/3 which makes the amplitude of the auto spectrum a stronger function of σ 8 than the cross spectrum. Second, the selection function in the cross spectrum restricts the mass integration to rare and massive objects that populate the exponential tail of the mass function instead of the entire halo population. These two competing effects almost cancel each other yielding a σ 8 scaling for the cross spectrum that is similar to the auto spectrum.
A similar power-law index was calculated for Ω M 8 using Eq. 4.5 replacing σ 8 with Ω M . We found an index for Ω M of 1.9, which is smaller than the σ 8 scaling. As was found with analyses of the mass function [e.g., 7, 95] , the C SZ×n signal depends weakly on the other cosmological parameters over their current uncertainty ranges. For our cosmological analysis we only consider the dependence on σ 8 and Ω M when converting the amplitude of C SZ×n to cosmological constraints. The complete relationship between σ 8 , Ω M and A × is 7 these weightings hold for objects that are unresolved at the angular resolution of interest, which is the case for most of the clusters in the BCS catalog 8 We assume that Ω = 1, therefore any scaling with ΩΛ will be the same as ΩM The modeling uncertainties in the cross spectrum C SZ×δn from the ICM modeling (gastrophyiscs) and the selection function. We show the mean cross spectra for the three simulated ICM models shock heating (green line), AGN feedback (red line), radiative cooling (blue line) and two variations of the selection function ± 10% in mass (dashed lines) on the AGN feedback model. Additionally, for the AGN feedback we show the sample variance (grey band) and the contribution to the cross spectra from z < 0.11 (pink dotted line) and z > 0.11 (pink dot-dashed line). Right: The power-law scaling of the cross spectrum with σ 8 as a function of σ 8 for = 500, 800, 1250, 2000. The cross represents the α = 7.4, which we use in our analysis.
We account for the small dependence of A × by averaging over the A × values bewteen = 900 − 1300, where we have the largest signal to noise across the 100, 143 and 353 GHz spectra (see Sec. 6). It is obvious from Eq. 4.6 that in this analysis any measurement of A × will yield degenerate constraints on σ 8 and Ω M . In order to break this degeneracy we use external primary CMB parameter chains from WMAP and Planck to constrain the values of σ 8 and Ω M .
Additionally, we calculated the theoretical variances using our halo model by computing the diagonal of the covariance matrix
where f sky is the fraction of the unmasked sky and T SZ×n is the angular trispectrum for the cross correlation [for more details on analytical tSZ auto spectrum errors see 44, and references therein]. The trispectum represents the non-Gaussian error term and is defined as
Similar to the tSZ autospectrum the diagonal of Eq. 4.7 is dominated by the (C SZ×n ) 2 term (i.e. the Gaussian error term) and not the trispectrum. Thus, the analytical fractional errors
on the angular scales we are interested in. As we discuss in section 4.3, these errors are smaller than what we find using the simulations.
Numerical Predictions
Using a modified version of the GADGET-2 smoothed particle hydrodynamics (SPH) code [85] , we simulate large cosmological volumes (L = 165 Mpc/h) so that we have a fair statistical sample of halos for calculating the cross spectrum. The modified version of the GADGET-2 code [85] we used included additional sub-grid physics models for active galactic nuclei (AGN) feedback [for more details see 10], radiative cooling and star formation [86] . We use three variants of sub-grid physics models in the simulations: the first is a non-radiative case with only gravitational heating (shock heating); the second is a model that accounts for radiative cooling, star formation, supernova feedback, cosmic ray physics [ We identify halos and calculate their properties in two steps. First the halos are found using a friends of friends algorithm [37] . Second, for each halo we compute the center of mass iteratively and then the spherical overdensity mass (M ∆ ) and radius (R ∆ ). Here ∆ refers to the multiplicative factor applied to the critical density,
. At each simulation output that corresponds to a redshift, we make three maps. The first map is a number-count map with a non-zero value at the location of each halo above a given redshift dependent minimum mass. As part of the cluster selection, we scale each cluster mass by a randomly selected number that is drawn from a Gaussian distribution with a mean of 1 and a dispersion that matches the L X − M scatter of 24% and then determine whether the"observed" mass, the product of this random number times the true mass, is above the redshift dependent cutoff. We make 200 random realizations of a number-count map for each simulation, totaling 2000 maps per redshift. The second map is an overdensity map (δ). These maps are the number-count maps that have been normalized by the ratio of the total number of halos in the lowest mass bin over the number of pixels in the map. The third map is the Compton-y map, described in Eq. 4.2. We cross correlate the number-count and overdensity maps with the Compton-y at each simulation output for all the simulations above various cluster masses. Then for each redshift and mass bin we average over all simulations realization and calculate the variance. The total signal is calculated by summing up the appropriate mass bin at the given redshift according to the selection function. Both C SZ×n and C SZ×δn have the same shape and only differ in their amplitudes.
Theoretical Uncertainties
The uncertainty on the theoretical amplitude of C SZ×n can be separated into two categories, ICM properties (gastrophysics) and selection function uncertainties. The gastrophysical uncertainties of the ICM are found in theỹ (M, z) of Eq. 4.3. There is only one power of y (M, z), unlike the tSZ auto power spectrum which is ∝ |ỹ| 2 (i.e., they have different form factors). Thus, the cross power spectrum is less sensitive to gastrophysics than the auto spectrum. The uncertainties on Θ(M, z) impact the limits of the integration for C SZ×n . These limits are set by the calibration of the L x − M relation. Any biases in the L x − M relation will effect the amplitude and shape of the cross power. We explore both these uncertainties with simulations. Figure 3 shows the dependence on the different physics models of the simulations and variations in the selection function. The shock heating model has a larger signal than the AGN feedback model since the ICM in the shock heating does not lose baryons to star formation. The radiative cooling model has a similar signal as the AGN feedback. At low , where the clusters are unresolved, the radiative cooling model has less power than the AGN feedback since the ICM over-cools, forms too many stars (i.e., removes too many baryons) and lowers the total thermal energy in the clusters. At higher , the clusters are resolved and the radiative cooling model has more power than AGN feedback since the clusters in this model have higher thermal pressure in their interiors. This result is also found in the tSZ auto power spectrum [10] . These three models have similar shapes, so departures from a more realistic ICM physics model (AGN feedback) to the most extreme model (shock heating) accounts for ∼ 30% difference in amplitude (radiative cooling ∼ 10% difference) over the range of interest. A measurement of C SZ×δn will help exclude such extreme ICM models (see Sec. 5). Additionally, we split the cross spectrum into two redshift bins z > 0.11 and z < 0.11. For < 2500 the cross spectrum is dominated by low-z clusters (see Fig. 3 ), which is purely a resolution effect. The central pixels of low-z clusters are brighter than high-z clusters. For > 2500 the high-z clusters dominate the cross spectrum signal.
The scatter in the L X − M is already accounted for using a Monte Carlo method (see Sec 4.2). The other major uncertainty in the analysis is the overall bias in the L X − M relation. For our baseline model, we increase the hydrostatic mass by 20%. However, there is a 40% uncertainty in the amplitude of this correction [see 74, for a review]. To model this uncertainty, we apply mass corrections at both extremes (10% and 30% ), propagate it through our simulation of the selection function and recalculate the cross spectrum on the AGN feedback simulations. We refer to these two cases as -10% and +10% throughout the rest of the paper.
In Figure 3 we show the impact of changing the selection function by this uncertainty. These extreme biases account for a ∼ ± 7% change in the cross spectrum amplitude and no change in the shape. Thus, it is not possible for the uncertainty in the L x −M mass calibration to compensate for the large differences in C SZ×δn amplitudes between ICM models.
In addition to the cross spectrum modeling uncertainties, we include the uncertainty from sample variance to the overall spectrum errors when we fit for the amplitude. We use the variances calculated from the simulations (∼ 14% see Fig. 3 ), since they are larger than the variances from the analytic error calculation ( 10% see Eq. 4.7).
Results
In our analysis we use one map from WMAP data at 96 GHz and six maps from Planck at 100, 143, 217, 353, 545 and 875 GHz as described in Section 2. We compute the cross spectra between each of these maps and the RBC overdensity and number-count maps. Results for the C SZ×δn are presented in Fig. 4 and they show a significant correlation between the clusters and the microwave maps. The cross spectra qualitatively have the same shape as the theory curves shown in Fig. 3 . Moreover, the cross spectrum of the cluster overdensity map with WMAP 94 GHz (green data points) is consistent with the cross spectrum using the Planck 100 GHz map (red dots). The error bars in our analysis are computed analytically and we have verified them using Monte Carlo randomization of the phases. There are two sources of uncertainties in the measured cross spectra: the cosmic variance and the noise 9 . The cosmic variance term is given by the power spectrum of the signal and is inversely proportional to the number of modes in each power spectrum bin. The noise term is given by the power spectrum of the noise (i.e., the CMB, foregrounds and the detector noise in Planck). The total uncertainty on the cross-spectrum is a superposition of these two components. In addition, we include the sample variance from the theoretical model to the measured uncertainties.
Constraints
We fit a four-parameter model (an amplitude, scaled by the spectral function for the tSZ at each frequency, f ν , and Poisson terms for 100, 143 and 353 GHz) to the measured crossspectra, C obs l (ν). The fit is parametrized using
where the C l (ν 0 ) is the baseline cross spectrum template calculated from simulations at the frequency ν 0 and scaled to a given microwave frequency, A × (ν) = A × f ν /f ν 0 is the normalization factor, and B is the baseline resulting from the Poisson part of the power spectrum. In the absence of all uncertainties and systematics A × should be identically 1. We use emcee 10 , an efficient MCMC sampler publicly available in Python [25] , to find the best fit model parameters. We fit all three frequencies (100, 143, 353 GHz) jointly. The results are shown in Fig. 4 . The dashed-line shows the best fit model and the red data points show the cross-spectra. We fit the amplitude of the measured cross spectra, both C SZ×δn and C SZ×n , against the templates from the AGN feedback, shock heating and radiative cooling models as well as the AGN feedback model with ±10% uncertainty in the selection function mass calibration.
The best fit amplitude parameters (A × ) for various models are given in Table 5 .2. We use the amplitude of C SZ×δn to constrain the ICM physics models since it is not sensitive to cosmology. Both the AGN feedback and radiative cooling models agree with the measured spectra and each other, while the shock heating model is over 2σ discrepant with the measured spectrum. The uncertainty in the selection is not enough to reconcile the shock heating model with these measurements. The AGN feedback and radiative cooling models with a marginally higher mass biases match the overdensity cross spectra amplitudes the best. Thus, we find that the L x − M scaling relation (plus 20% hydrostatic bias) is well represented by both the AGN feedback and radiative cooling models with minor corrections to the average hydrostatic bias value we assume. We find that increasing the mass bias by 10% (+10% model) results in a larger overdensity amplitude compared to the AGN feedback model, thus a lower fit value. This in the result of the higher mass threshold reducing the amount of low mass clusters in 9 There is a term in the analytic estimation of the errorbars that corresponds to the Poisson uncertainties due to finite cluster numbers. This component is dominant on small angular scales. On the scales of interest in our study the dominant error comes from the Gaussian uncertainties and on small scales pixel noise uncertainty dominates. The agreement between the analytical estimates using only the Gaussian part and the simulations suggests that the Poisson errors are small compared to other sources of uncertainty in the measured cross spectra. For a detailed description of the uncertainties on cross-spectra see the Appendix of [29] . The theoretical uncertainties are discussed in Section 4.3. B(143 GHz) 1e 5 Figure 5 . Covariances of the model parameters, fit to the measured overdensity cross-spectra using MCMC. All the fit amplitudes can be found in Table 5 .2. Top right: Shows the marginalized posterior of the normalization parameter, A × .
We obtain more realistic errors on σ 8 − Ω M by combining the posterior probabilities of the A × fits that include the ± 10 % uncertainty on the selection function. After combining these uncertainties the σ 8 −Ω M constraint becomes σ 8 (Ω M /0.30) 0.26 = 0.797±0.015. We show the σ 8 and Ω M contour that includes the uncertainty in the selection function in Figure 6 . After including primary CMB constraints from WMAP9 and Planck we obtain σ 8 constraints of σ 8 = 0.812 ± 0.010 and σ 8 = 0.812 ± 0.008 using the AGN feedback model plus selection uncertainty, respectively.
Null and Cluster Catalog Tests
The 217 GHz map is at the null-point of the tSZ signal and hence we use it for null tests. The bottom left panel of Figure 4 shows the cross-spectrum of this map with the cluster overdensity map. The reduced χ 2 value for this cross-spectrum compared to zero is 0.91. In addition to being a null-test, this cross spectrum also constraints the dust contamination in the RBC clusters. Being at the null point of the tSZ signal, the main component in the 217 GHz map apart from the primordial CMB signal is the CIB component arising from the dusty star forming galaxies. The 217 GHz null cross-spectrum with the cluster overdensity map confirms that there is negligible dust contamination in our signal. Additionally, we use the two highest Planck frequency maps at 545 and 857 GHz to cross correlate with our cluster map. At these frequencies the dust signal dominates and the CMB signal is negligible. Figure 7 shows the results. There is a large scatter in the cross-spectra with no significant evidence of a positive signal that hints towards correlations between the CIB Table 1 . Best fit values of the normalization parameter A × and its fit uncertainty for the models and data sets used in this analysis. In the adjacent column we show the derived
values from the fit parameter, A × , using Eq. 4.4. The errors on σ 8 (Ω M /0.3) 0.26 are computed using the fit uncertainties only, except for the bottom row where we included the ±10% uncertainty on the selection function mass by combining the posterior probabilities. The actual error bars for the derived σ 8 values are asymmetric, but the asymmetry is small, so we quote symmetric error bars. The σ 8 (WMAP9) and σ 8 (Planck13) columns are the σ 8 constraints after included the primary CMB constraints from WMAP and Planck (for data set details see Sec. 2) at Planck frequencies and the RBC cluster catalog. These results are not surprising as the CIB in microwave frequencies is expected to primarily come from high-redshift dusty star forming galaxies [DSFG's, 29] whereas the RBC catalog is a low-redshift sample. Hence the absence of a significant correlation between the two is not unexpected. It also supports our assumption that a two component modeling of the cross-power spectra of Planck and the cluster overdensity map is sufficient.
The cluster sample consists of three different flux limited catalogs from three different groups using the RASS. We test the consistency and possible bias between the REFLEX and BCS samples by computing cross power spectra on the individual catalogs and comparing it to the whole RBC sample. Since there is some overlap between REFLEX and BCS we choose the celestial equator as the boundary between REFLEX (the southern sky sample) and BCS (the northern sky sample). Additionally, we exclude the 20 degrees above and below the galactic equator to exclude the CIZA sample. Right panel of Figure 6 compares the cross spectra for the REFLEX, BCS and the whole RBC sample. The uncertainty for the REFLEX and BCS sub-samples scales as f sky compared with the RBC errors. The f sky between the sub-samples and the RBC coverage is roughly 3. We find consistent results for the cross spectra of Planck with REFLEX and BCS, Fig. 7 . We interpret it as an absence of a significant bias between the two catalogs, and an illustration of the consistency between the southern and northern cluster catalogs.
Discussion and Conclusion
We present a direct measurement of the cluster power spectrum using cross-spectra of the thermal Sunyaev Zel'dovich signal in the Planck data and an overdensity map based on cluster number counts of X-ray selected clusters of galaxies in the ROSAT All Sky Survey. Traditionally the tSZ power spectrum is measured through fitting a multi-component model Figure 6 . Derived joint constraints on σ 8 and Ω M parameters from the measurement of the crosscorrelation normalization coefficient, A × . The black lines show 1-and 2-σ levels for the AGN feedback model including all uncertainties. The red contours are from WMAP9 + SPT + ACT [34] and the green contours show Planck + WMAP low polarization + high- [61] . The filled contours show the result of combining our measurements (the black band) with Planck (red filled contours) and with WMAP9 (blue filled contours). The dashed blue lines show the likelihood contours for Planck clusters + BAO + BBN from [62] .
to the CMB power spectrum at frequencies below 220 GHz with the largest contribution arising from 2500 < < 3500. This results in a large variance and inevitable degeneracies with other components like the clustering of the dusty star forming galaxies in the CIB, the CIB-tSZ correlation component and the Poisson component from the radio and infrared galaxies. On the contrary the cross-correlation method is insensitive to many of the components contributing to the auto spectrum. Large components such as the CMB and most of the galactic foregrounds that do not correlate with the X-ray clusters, vanish in the twopoint correlation function (i.e., the cross spectrum) and only contribute to the four-point function (i.e., the uncertainty on the cross spectrum). We construct a combined optimal cross spectrum using the 100, 143 and 343 GHz cross spectra and weighting each bin by the variance (see Fig 8) . This results in a clean and unbiased measurement of the cluster power spectrum with small uncertainties across a large range in . We find that the error bars on this spectrum are more than 2 times smaller than the Planck y-map auto spectrum [63] . The raw Planck y-map spectrum is contaminated by diffuse Galactic emission, clustered CIB and point source contributions. To obtain the final tSZ auto spectrum these contributions must be removed which contributes to the uncertainty. For the cross spectrum these contaminants do not correlate with cluster positions, thus do not contribute to the cross spectrum. Hence we obtain smaller error bars for the cross spectrum compared to the y-map auto spectrum 11 . Our analysis is complementary to other analysis methods such as stacking while by design it will not suffer from the sub-optimality issues of stacking analysis as discussed in [5] . Compared to the real-space correlation function analysis, the cross-power spectrum has the same information but it enjoys the advantage of working with uncorrelated bins in the observed two-point function.
There are two cross spectra that we measured: the overdensity cross spectrum, C SZ×δn , and the number-count cross spectrum, C SZ×n . The measurement of C SZ×δn is the average angular tSZ signal for the RBC cluster sample and it is sensitive to the ICM physics. The C SZ×n measures the total angular tSZ signal for the RBC cluster sample. This signal is sensitive to both the ICM physics and cosmological parameters. The C SZ×n signal is similar to cluster mass function measurements in that they are both measuring the exponential tail of the mass function and are highly sensitive growth of structure probes. An advantage of measuring C SZ×n is that it weights the contribution from higher mass clusters more than lower mass clusters. Thus, it increases its sensitivity to cosmological parameters like σ 8 .
Before constraining σ 8 there are theoretical modeling uncertainties associated with the cross spectrum that need to be accounted for. The cross spectrum has the advantage that it is less sensitive to gastrophysics of the ICM compared to the auto spectrum. This is because the cross spectrum only depends on one power of the Fourier transform of the cluster pressure profile, whereas the auto spectrum depends on this profile squared. The cross spectrum we calculate also requires knowledge of the cluster selection function used. The selection function has additional uncertainties associated with the masses of the clusters. Both the scatter in the L X − M relation and absolute mass calibration of the relation introduce biases 11 The error bars on the cross spectrum are similar to auto spectrum of resolved SZ sources in the Planck y-map analysis [see ] at 143GHz Figure 8 . A comparison of the Planck y-map auto spectrum and our optimal noise-weighted average cross spectrum. The cross spectrum (green circles) and its errors have been re-normalized to match the amplitude of the Planck y-map auto-power spectrum (red crosses) at = 1300 since these spectra have different units. When the clusters that contribute to these spectra are unresolved they will look Poissonian ( 2 C ∝ 2 ). Thus, the cross spectrum starts to resolve clusters which contribute to its signal at larger angular scales than the auto spectrum because of their differences in the selection functions and form factors (see Sec. 4.3). The tSZ auto spectrum from the same simulations used in our cross spectrum analysis (blue dashed line) agrees with the Planck auto spectrum [63] , after accounting for the correct redshift integration. and uncertainties into theoretical predictions. We included the scatter in the simulations through a Monte Carlo method and included a conservative estimate of ±10% for the absolute calibration of the L X − M . These uncertainties had a smaller effect on the cross spectrum than the ICM uncertainties when comparing the two extreme models AGN feedback and shock heating. Overall, the impact of these uncertainties are not as significant for C SZ×n as they are for the tSZ auto spectrum and cluster number counts.
We measured a significant cross-spectrum of the clusters of galaxies (reduced χ 2 = 19.1 for three non-zero spectra compared to null) using Planck tSZ data and ROSAT X-ray clusters. The AGN feedback and radiative cooling models fit the C SZ×δn measurements well after including a 20% hydrostatic mass bias. We exclude at ∼ 2.5σ level the shock heating model for the ICM and do not use it to derive cosmological constraints. We constrain the dust contamination in our analysis using the cross-power spectra of 220, 545 and 843 GHz and the RBC overdensity map. The cross spectra are shown in Figure 7 . Although there seems to be a slight bump in the 545 GHz spectrum around 1000 < < 2000, the errorbars are large and a significant correlation between the RBC overdensity map and the CIB can not be claimed based on these measurements. The main source of uncertainties on those scales is the galactic dust from our own galaxy. The intensity of this foreground increases with frequency because the dust spectral index is positive, causing the largest uncertainties at the highest frequency. The existence of correlation between clusters of galaxies and the CIB at significantly shorter wavelengths has been proven by cross-correlating IRAS 100 µm and the overdensity map based on the maxBCG galaxy clusters over the cleanest region of the sky [33] . The maps used in our analysis are at much longer wavelengths and therefore the CIB in them comes from higher redshift populations of galaxies compared to IRAS. Also as Figure 7 shows, the uncertainties associated with galactic dust are large enough that a possible correlation between the RBC sample and the CIB at Planck frequencies can be neglected and absorbed into the uncertainties.
The amplitude of the C SZ×n signal scales as σ 7.4 8 at ∼ 1000, thus in principle is has strong constraining power and is extremely sensitive to σ 8 . Additionally this amplitude is sensitive to Ω M and scales as Ω How robust are these constraints given the ICM models used in the simulations? First, we compared the simulations against the average spectrum C SZ×δn and then derived σ 8
values from the total spectrum C SZ×n . If the ICM model in the simulations disagreed with the cluster sample this disagreement would appear when comparing the C SZ×δn signals. Both the C SZ×δn from the AGN feedback and radiative cooling models agree with the measured C SZ×δn , while the shock heating model was ∼ 2.5σ different. Second, the cross spectrum is less sensitive to a given ICM model since it is ∝ỹ and not ∝ |ỹ| 2 like the auto spectrum where large differences between the auto spectra amplitudes of these models are found [10] . Third, stacked measurements of the cluster pressure profiles [e.g., 4, 65, 78] are in agreement with the AGN feedback model. Even the extreme shock heating model, which is already in disagreement with most cluster observations, has a derived σ 8 value that is within 1σ of the AGN feedback. Thus, the derived σ 8 parameters from AGN feedback models (and radiative cooling model) are robust.
Currently the σ 8 -only constraints in this analysis are obtained after including primary CMB constraints from WMAP and Planck. With the imminent all sky X-ray survey from eRosita, this will not be necessary. The expectation is that eRosita will provide a larger flux limited all sky cluster survey to higher redshifts. Thus, one would have a larger sample of clusters with a higher signal to noise ratio such that the cross spectrum could be divided up into redshift slices and break the σ 8 and Ω M degeneracy since the parameter degeneracy directions in the σ 8 − Ω M plane at different redshifts are slightly different [e.g., 40]. Then, in order to fully exploit this cross spectrum measurement one would require a better understanding of the cluster selection function, more specifically a higher precision mass calibration for the L X − M scaling relation would be needed. Joint SZ, X-ray and optical observations of nearby clusters should improve the cluster mass calibrations and constrain the ICM astrophysics. Additionally, the next Planck data release will have higher fidelity maps and smaller errors on σ 8 and Ω M . Thus, the constraint on σ 8 using C SZ×n will become tighter. Constraining σ 8 with the cross correlation of tSZ and X-ray cluster catalogs is just a first step. In principle, this method can be used to constrain other cosmological parameters that are sensitive to growth of structure measurements (similar to the cluster mass function) such as the sum of neutrino masses, Σν e , or the dark energy equation of state, w.
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